There is justified concern about the impact of global warming on the persistence of tropical ectotherms. There is also growing evidence for strong selection on climate-relevant physiological traits. Understanding the evolutionary potential of populations is especially important for low dispersal organisms in isolated populations, because these populations have little choice but to adapt. Despite this, direct estimates of heritability and genetic correlations for physiological traits in ectotherms -which will determine their evolutionary responses to selection-are sparse, especially for reptiles. Here we examine the heritabilities and genetic correlations for a set of four morphological and six climate-relevant physiological traits in an isolated population of an Australian rainforest lizard, Lampropholis coggeri. These traits show considerable variation across populations in this species, suggesting local adaptation. From laboratory crosses, we estimated very low to moderate heritability of temperature-related physiological traits (h 2 < 0.31), but significant and higher heritability of desiccation resistance (h 2~0 .42). These values contrasted with uniformly higher heritabilities (h 2 > 0.51) for morphological traits. At the phenotypic level, there were positive associations among the morphological traits and between thermal limits. Growth rate was positively correlated with thermal limits, but there was no indication that morphology and physiology were linked in any other way. We found some support for a specialist-generalist trade-off in the thermal performance curve, but otherwise there was no evidence for evolutionary constraints, suggesting broadly labile multivariate trait structure. Our results indicate little potential to respond to selection on thermal traits in this population and provide new insights into the capacity of tropical ectotherms to adapt in situ to rapid climate change.
Introduction
In a world undergoing unprecedented rates of climate change, there is increasing concern as to how rising temperatures will impact biodiversity (Thomas et al. 2004; Bellard et al. 2012) . This is particularly so for tropical rainforest animal species, because species in these environments tend to be physiologically specialized and so may be more sensitive to changes in thermal Tewksbury et al. 2008; Kingsolver 2009 ) and hydric conditions (Hoffman et al., 2003; Kellermann et al. 2006) than their temperate counterparts. The link between temperature and organismal performance is especially clear in tropical ectotherms (Angilletta 2009; Huey et al. 2009; 2010) , and small increases are thus predicted to have especially large effects on thermal specialist ectothermic tropical rainforest species (Huey et al. 2009 ). In particular, heat waves have become more common globally, and especially in the tropics (Buckley and Huey 2016) , directing attention to impacts on tropical populations subject to extreme temperature conditions and to their capacity to adapt to rapidly warming environments.
Climate change has already caused shifts in species' ranges, both in latitude and altitude (Chen et al. 2011) . For low dispersal species, however, adaptation is likely to be the most important mechanism by which populations can avoid extinction (Visser 2008; Hoffman & Sgró 2011) . Sinervo et al. (2010) , e.g., argue that up to 20% of lizard species may go extinct in the coming years due to increasing temperatures. This depends, however, on how rapidly species can adapt to changing environmental conditions. Our understanding of the potential capacity for populations to adapt to climate change is still in its infancy. For some terrestrial invertebrates (primarily Drosophila), there has been considerable work on adaptation to climate and the evolutionary dynamics of phenotypic traits relevant to dealing with changing temperatures (Hoffmann 2010) . Because this work involves mostly model organisms, the genetic basis of trait shift in invertebrates is reasonably well understood. Only recently, however, have studies begun to show the potential for rapid trait change in terrestrial vertebrates in response to increasing environmental temperatures (e.g., Leal and Gunderson 2012; Muñoz et al. 2014; Campbell-Staton et al. 2016 and references therein). Further, whether such changes reflect genetic or plastic change is typically unknown (Merilä and Hendry 2014 , but see Urban et al. 2014, Evans and Gustafsson. (2017) ).
There is certainly evidence that climate can impose strong selection pressures on thermoregulatory traits. For example, Logan et al. (2014) showed that Anolis lizards transplanted to warmer environments experienced strong selection on optimum temperature (T opt ) and performance breadth. This is despite the fact that individuals can buffer themselves from their thermal environment through behavioral thermoregulation (the "Bogert effect": see Huey et al. 2003) . On its own, however, selection is not enough to cause an adaptive evolutionary response: a response to selection requires heritable genetic variation underlying the phenotypic traits under selection (Stockwell et al. 2003; Falconer and Mackay 1996) . The magnitude of this heritable variation is typically estimated via the narrow-sense heritability of a trait (h 2 ), defined as the proportion of within-population phenotypic variance in a trait (V P ) that is due to variance in additive genetic effects (V A ), i.e., h 2 = V A /V P . There is a large body of work estimating the heritability of many different traits in natural populations, from life history to morphology (reviewed in Mousseau and Roff 1987; Postma 2014) , and increasing evidence of heritability of aspects of physiology such as metabolic rate across a range of taxa (e.g., fish, Munday et al. 2017; birds, Ronning et al. 2007 ; mammals, Nespolo et al. 2003; insects, Saastamoinen et al. 2013 ; see review in Burton et al. 2011) . For traits associated with thermal and hydric physiology, however, to date only invertebrates have been well studied (reviewed in Hoffman et al., 2003 , Angilletta 2009 ). Indeed, to our knowledge, while there is one estimate of heritability of thermal preference (Paranjpe et al. 2013) , there are currently no estimates of the heritability of climate-relevant (thermal and hydric physiological) traits in reptiles.
Adaptive responses to selection will also depend on the genetic architecture of multivariate phenotypes. Even if traits under selection are heritable, they may not be able to evolve because evolutionary constraints (shaped by genetic covariances between multiple traits) can operate to slow or halt adaptive responses (Merilä et al. 2001; Davis and Shaw 2001; Walsh and Blows 2009) . According to some studies, these constraints may hamper adaptation in terrestrial ectotherms (such as lizards) such that they may not be able to evolve to track climate change (Sinervo et al. 2010) . Several such constraints have been posited. For example, the specialist-generalist trade-off implies that individuals can not have both high maximum performance and a wide thermal breadth of performance; and the hotter-is-better hypothesis suggests that higher performance should accrue at higher optimal temperatures (Angilletta 2009 ). Similarly, considerations arising from Jensen's inequality suggest that high-optimum temperatures might be associated with thermal specialization (Martin and Huey 2008; Vickers et al. 2011) . What support exists for these and other trade-offs, however, typically stems from macroevolutionary patterns and has rarely been tested within populations. To assess whether these trade-offs exist as fundamental evolutionary constraints requires information on genetic covariances; information that is, to our knowledge, currently absent for terrestrial vertebrates.
Here, we measure heritabilities and genetic correlations of a set of climate-relevant traits-those that mediate the relationship between climate and fitness-using lab-bred families of a population of an Australian lizard, the rainforest sunskink Lampropholis coggeri. This species shows considerable climate-related variation in thermal physiology traits both within and among populations Llewelyn et al. 2016a Llewelyn et al. , 2018 . Because of the increasing interest in the capacity of populations to adapt to extreme heat conditions, we focus on an isolated, lowland population that experiences especially hot and dry conditions relative to the species' range (Llewelyn et al. 2016a ; Fig. 1 ). The traits measured include those relevant to both thermal and hydric physiology, and also morphological characters. These latter traits were included in order to compare h 2 values and to test for genetic covariance between physiology and morphology. Our results show that key physiological traits exhibit a range of heritabilities. They also reveal phenotypic and genetic covariance structures and, for physiological traits, point to a general lack of consonance between covariances at phenotypic and genetic levels. Real constraints to adaptation-low heritability and strong genetic correlations-do appear to exist, but the picture is complex and, for covariances in particular, remains poorly resolved.
Material and methods

Study species
The rainforest sunskink is a small (up to 45-mm snout to vent length), oviparous, scincid lizard endemic to the Wet Tropics region of northeastern Australia (Wilson and Swan 2008) . For this study, we collected and tested sunskinks from one population, Hervey range (HR), towards the southern limit of the region's rainforest (Fig. 1a) . This population occupies a very small rainforest fragment at low elevation (182 m above sea level) at the southern end of the species' distribution ( Fig. 1a) and is genetically distinct and ecologically isolated from nearby low-mid elevation populations (Bell et al. 2010) . Relative to most of the species' range, this population experiences drier conditions and a high seasonal variance in temperature with more extreme In the third column is the number (N) of F1 individuals measured. Information on each trait is given in brief in the Methods section, but please refer to the original papers for full details (Llewelyn et al. 2016b) heat conditions ( Fig. 1b ; Llewelyn et al. 2016b) , and also shows an elevated heat-hardening response (rapid acclimation to heat shock) compared to a nearby montane population . There is also considerable phenotypic plasticity in thermal physiological traits in the population associated with seasonal climate in the field (Llewelyn et al. 2016a ) and acclimation in the laboratory (Llewelyn et al. 2018 ).
Collection and breeding
Animals were collected in the field between June 2013 and February 2014. Following collection, sunskinks were housed individually in a temperature-controlled room (set at 21°C) for the first 6 months following collection before being paired. We did this because females can store sperm for an undetermined amount of time, and we wanted only F1s with known parentage. A temperature gradient within cages allowed the lizards to thermoregulate behaviorally. To produce offspring, 6 months after collection, we randomly paired field-collected sunskinks, which simply involved placing pairs into shared housing containers. Eggs were collected as they were produced by checking containers daily. After 3 months, pairs were re-assorted in order to pair females with different males. The breeding design was initially constructed as a half-sib design in which each male was mated to multiple females and each female to only one male. However, this turned out to be complicated by the females' ability to store sperm for long periods of time (see below). Eggs were produced in clutches ranging in size from 1 to 3 eggs. The eggs were placed individually in airtight containers (84 ml) that were two-thirds filled with moist vermiculite (50:50 ratio of vermiculite to water by weight), and the egg containers were put in incubators set at one of two temperatures (23°C or 26°C). These different incubation temperatures have no effect on the adult phenotype (see Llewelyn et al. 2018 for details). Eggs from the same clutch were split between these incubation treatments. The hatchling F1s were housed individually in tubs in the same way as the field-collected adults. We measured physiological traits in their laboratory-reared offspring (F1 generation) at adult size (>0.75 g total mass; see Table 1 ).
Traits and sample size
The phenotypic traits measured are listed in Table 1 . Full details on physiological methods are presented elsewhere Llewelyn et al. 2016b ). In brief, for thermal traits, we estimated the minimum (CT min ) and maximum (CT max ) thermal limits: temperatures at which lizards could no longer right themselves after being flipped on to their backs, with a ramp speed of 1°C/min. We also conducted sprint trials at nine different temperatures (one temperature per day in ascending order over 9 days). For each individual, we took eight measures of speed at each temperature and used the maximum of this set as the sprint speed at that temperature. We recorded maximum sprint speeds at temperatures, ranging from 12 to 38°C. We fitted a generic phenomenological curve to each sunskink's sprint data using the curve-fitting method described in Phillips et al. (2014) , treating sprint speed as "performance", and extracted the sunskink's thermal optimum T opt (the temperature at which it reached maximum speed), maximal performance P max (the maximum speed reached), and performance breadth P breadth80 (the breadth of temperatures over which a lizard's sprint speed is above 80% of its P max ) from the curve (Fig. 2) . Desiccation rate was measured as an individual's rate of weight loss when exposed to standardized desiccating conditions (Llewelyn et al. 2016b ).
Morphological traits
To estimate growth rate we weighed skinks once per month from hatching until they reached a threshold size for physiological testing (0.75 g, at~4 months of age, range 2-7 months). We calculated the change in mass per time over each of these intervals, and removed the effect of initial mass by taking the residuals of a quadratic regression of change in mass per time to give an estimate of individual growth rate. Thus, individual growth is measured relative to the mean growth function for the population. Additionally, we also measured morphological traits for hatchlings on the day of hatching (snout vent length, tail length, and total body mass). Overall, we measured phenotypes of 152 F1 sunskinks generated by crossing field-collected F0 adults, though exact sample sizes varied slightly between the different traits ( Table 1 ). The F1 data set comprised offspring from 33 F0 mothers paired to 30 F0 males; the average number of males per female was 1.11, and the average size of each full-sib family was 4.37. The complete familial design and number of offspring is presented as a table in the supplementary material.
Paternity assignment
To check paternity, we used the commercial genotyping services of Diversity Arrays (DArT) who have developed a widely used technique called DArTseq™. This method is an implementation of sequencing complexity-reduced representations (Altshuler et al. 2000) on next generation sequencing platforms (Baird et al. 2008 , Elshire et al. 2011 . Sequences generated from each lane were processed using proprietary DArT analytical pipelines. This clean-up process resulted in a comprehensive data set of~18,000 SNPs with an average call rate of 93.5% and a reproducibility rate of 98.8%. We used the 5000 markers with the best coverage (mean depth 46.6; call rate and reproducibility of 100%, and that were represented in all sampled individuals) to build a Hamming distance matrix between individuals (supplementary material). Recent studies show that as few as 30 optimized SNPs are sufficient to differentiate among 100,000 individuals based on Hamming Distance values (Hu et al. 2015) . All F1 individuals were lined up against their mother and siblings and the Hamming Distance values evaluated to cross check for sample mix-ups. Hamming Distance values were then compared against each of the potential sires given the known mother, and the sire/F1 with the lowest value was considered a match. We also checked the values for the mothers to look for potential misassignments. We could unambiguously assign paternities for 131 out 152 F1 individuals; for the remaining 21, the father was clearly not among the sampled F0 males, indicating the female had stored sperm for more than 6 months from a precapture mating. Overall this resulted in a combination of full siblings, maternal half-siblings and paternal halfsiblings among the offspring. The 21 individuals were used in the subsequent analysis but with father's identity treated as missing.
Statistical analyses
CT min , CT max , P max , P breadth80 , and DR were all logtransformed prior to analyses to conform to assumptions of residual normality. Growth rate was multiplied by 1000 to improve scaling.
Phenotypic variation (V P ) in our data set was partitioned using an "animal model" (Henderson 1950; Lynch and Walsh 1998; Kruuk 2004) to partition the total phenotypic variance in a trait into its additive genetic (V A ), maternal (V m , when applicable) and environmental or residual variance (V e ). All the analyses were implemented using the statistical package ASReml version 3.0 (https://www.vsni. co.uk/software/asreml/). We compared models with different random effects structure by implementing likelihoodratio tests (LRTs) between the nested models, using a threshold for significance of p < 0.05. We estimated heritability values as h 2 = V A /V P , with significance of heritability assessed by the likelihood-ratio test for V A . Maternal effects -defined as the effects of a mother on her offspring's phenotype over and above those due to the direct effects of genotype-are recognized as important factors in phenotypic variation in a number of organisms, and their role has been studied extensively in lizards. Maternal effects are known to influence body size (mass), performance traits, and growth rates (Shine and Harlow 1993; Paranjpe et al. 2013) , and failure to account for maternal effects would likely inflate heritability estimates (Kruuk and Hadfield 2007 ). We therefore also tested for maternal effects by fitting the mother's identity as an additional random effect. Where this was not found to be significant, based on a likelihood-ratio test comparison of a model with and without the maternal effect component, it was dropped from the final analysis. All models included sex as a fixed effect, and models for the physiological traits also included (log) mass at time of measuring as a covariate (to account for variation due to allometry).
Second, we considered associations between traits using a multivariate model. All traits were standardized to unit variance before analyses, to improve model convergence, and the output for the multivariate analyses therefore represents standardized values. We first quantified the phenotypic covariances between traits by fitting a multivariate model for all ten traits to generate a full phenotypic variance-covariance matrix, P. A full 10-trait animal model estimating the full genetic variance-covariance matrix G between all traits would not converge, so we generated individual covariance estimates on a pairwise, bivariate basis (see e.g., Coltman et al. 2003) . From these pairwise models, we estimated both a genetic correlation and a residual correlation between each pair of traits, the latter accounting for all remaining aspects of covariation not captured by the genetic correlation. For completeness, we ran bivariate models on all pairs of traits, though we did not expect to find genetic correlations for pairs of traits with low estimated heritability. The phenotypic data as well as the pedigree file are available in the supplementary material.
Results
Trait variation and heritabilities
All traits showed substantial phenotypic variance (Table 2) . For morphological traits-size-related traits of hatchlingsestimates of heritability were high (h 2 = 0.51 ± 0.20SE to 0.61 ± 0.21SE; Table 2 ). Growth rate showed lower estimated heritability (h 2 = 0.19 ± 0.17SE). Heritability estimates were low to moderate (0.03-0.26) across the thermal physiology traits (Table 2 ). Our parameter uncertainty was such that none of the thermal physiological traits achieved statistical significance (against the null hypothesis that heritability is zero). By contrast, two other physiological traits-the maximum performance measure, P max , and desiccation resistance, DR-had higher heritability estimates (P max : h 2 = 0.31 ± 0.19SE, p = 0.014 and DR: 0.42 ± 0.19SE, p = 0.001).
Phenotypic covariances between traits
The phenotypic variance-covariance matrix, P, for all ten phenotypic traits is presented in Table 3 . Correlations between traits were generally low, but there were several exceptions. First, all (hatchling) size-related measures had significant positive phenotypic correlations (r = 0.44-0.58, all p < 0.001). This is unsurprising: hatchlings with higher body mass also tended to have larger snout vent lengths and longer tails. Residual hatchling growth rate was not, however, correlated with any of the other morphological traits.
Second, there were significant phenotypic correlations between hatchling growth rate and thermal limits (CT min and CT max ) (Table 3 ). In both cases animals with higher thermal limits tended to grow faster. Growth rate was also correlated with other aspects of physiology: animals that grew faster had broader thermal performance P breadth80 , but lower T opt (Table 3) . Growth rate was also negatively associated with desiccation rate: animals that grew slower had higher rates of desiccation, DR.
Third, among physiological traits, there were very few strong phenotypic correlations. The two exceptions were an unambiguous negative correlation between P max and P breadth80 (r = −0.294, p < 0.001; Table 3 ); and a positive correlation between T opt and P breadth80 (r = 0.38, p < 0.001; Table 3 ).
Genetic and residual covariances between traits
We estimated pairwise genetic and residual covariances for all pairs of traits (Table 4) . For morphological traits, the directions of genetic correlations were concordant with the observed phenotypic correlations (i.e., all positive): whatever genetic variation causes some individuals to have high body mass also causes them to have longer bodies and tails. The positive phenotypic correlation between growth rate and the critical thermal maximum CT max was also reflected at the genetic level. There were also significant positive genetic correlations between P max and two of the hatchling size measures: snout vent length and tail length (Table 4a) . These correlations were unexpected given that they were not apparent at the phenotypic level, presumably due to the fact that the corresponding residual correlations were negative (Table 4b ). However the unusually high correlation (r~1) between P max and snout vent length leads us to interpret the result with caution as a potential statistical anomaly.
As expected given the generally low heritabilities for physiological traits, the phenotypic correlations between these traits were typically not reflected at the genetic level; i.e., there were no significant genetic correlations between physiological traits. Uncertainty in our estimates of residual covariance was more homogenous across physiological All traits were corrected for sex; physiological traits (lines 5-11) were also corrected for (log) mass at measurement V P phenotypic variance, V A additive genetic variance, h 2 heritability, SD standard deviation, SE standard error traits, however. Two of the phenotypic correlations-those between performance breadth P breadth80 and optimum temperature T opt , and between optimum temperature T opt and growth rate-appeared to be driven by residual effects (environmental or non-additive genetic) rather than additive genetic effects.
Discussion
Our analyses of laboratory-reared families of the rainforest sunskink L. coggeri showed substantial phenotypic variation in all traits, as expected from previous field and laboratory observations Llewelyn et al. 2016b Llewelyn et al. , 2018 . All of the measures of hatchling size-related traits were highly heritable, as were desiccation rate and maximum running performance. Growth rate and thermal physiological traits exhibited lower heritabilities. Standard errors related to our estimates were often large, which may be attributable to our modest sample sizes, but our estimates remain valuable because they are currently the only estimates of heritability (and genetic covariances) for a set of thermal physiological traits in a vertebrate and so fill a void in understanding potential for adaptation of tropical ectotherms to climate change. Although we include p-values as a useful heuristic of the weight of evidence against a heritability of zero, we emphasize parameter estimates over p-values throughout, noting that a heritability of zero is a priori unlikely to be true. We use an animal model to estimate additive genetic variance. Our breeding design contained a mixture of full siblings, maternal half-siblings, and paternal half-siblings, and so the animal model provides the most efficient means of using data from all relationships. However, as with many quantitative genetic analysis, there is the risk that estimates of additive variance are inflated by maternal effects (which may themselves be environmental or genetic in origin; Kruuk and Hadfield 2007) . A large proportion of females in the data set had only one or two offspring, which makes separating off maternal effects variance difficult. Adding a maternal effects term to our model did not result in any significant improvement of log-likelihood. Furthermore, models with just maternal effects returned very similar estimates of variance as models fitting variance between sires, which strongly suggests a direct genetic rather than maternal basis to differences between families. However, the possibility remains that our estimates of heritability are inflated by maternal effects, and thus that the differences between families in morphological traits, P max , and dessication resistance (see below) are in part driven by maternal effects. Irrespective of these issues, our main conclusion, that we see only small differences between families for the Highlights traits with significant heritability in the univariate analyses in Table 2 Asterisks (*) and dark shading denote significant values (p < 0.05) thermal physiological traits, regardless of which model was fitted, stands. There are, of course, two explanations for low heritability estimates: (1) low-additive genetic variance, or (2) large measurement error or plasticity, causing high-residual variation which dwarfs the additive genetic variance. In our case low-genetic variance for these traits is a distinct possibility. Strong directional selection will reduce genetic variation, so all else being equal, traits under strong selection may be expected to have lower heritability (Fisher 1930) . Given that the population in question is both geographically and environmentally marginal to the rest of the species' range, and experiences high variance in maximum temperature (Llewelyn et al. 2016a) , strong selection on thermal physiological traits is plausible. It is also relevant that Logan et al. (2014) found positive selection on T opt and P breadth80 in Anolis lizards, but not on P max -the one thermal performance-related trait for which we did find significant heritability in L. coggeri. Erosion of genetic diversity through drift is also possible in this small and genetically isolated population. However, such drift should affect all traits, whereas we find low heritability for just some physiological traits (see also ).
An alternative explanation for low heritability in the thermal physiological traits is high-residual variance, leading to low heritability. Such variance could derive from measurement error, and/or phenotypic plasticity. With regard to measurement error, there is no doubt that these thermal physiological traits are challenging to measure with high accuracy. For example, CT min and CT max are known to have substantial measurement error , Terblanche et al. 2007 . Unfortunately, it is impractical to quantify this measurement error because rapid acclimation means that the act of measuring some of these traits (notably CT min and CT max ) actually temporarily changes the trait, and repeat measures likely cause longer-term acclimation to occur . Despite these general issues, there is a wealth of literature that not only focuses on these traits, but also regularly finds meaningful associations between traits and between traits and the environment (e.g., Angilletta 2009; Hoffmann and Parsons 1997) , including for our focal species (Llewelyn et al. 2016b) . Reversible plasticity in physiological traits in L. coggeri has been demonstrated experimentally, and physiological traits have also been observed to shift seasonally in natural and laboratory populations of this species (Llewelyn et al. 2016a (Llewelyn et al. , b, 2018 and many others (see Kingsolver and Huey 1998; Hoffman, 2010) . The measurements in the present study were from laboratory acclimated individuals raised in the same manner and kept in the same conditions, so we would expect this source of variance to be small.
One trait from the thermal performance curve-maximum sprint speed, P max -did exhibit a significant estimate of heritability (h 2 = 0.31 ± 0.19SE; LRT χ 2 (1) = 6.07, p = 0.014; we note that the SE is relatively high despite the significance of the likelihood-ratio test). Sprint speed (at a fixed temperature) is often used as a proxy for wholeorganism performance (Arnold 1983) . In some lizard species, sprint speed is also known to be correlated with survival (Miles 2004; Calsbeek and Irschick 2007; Warner and Andrews 2002; Le Galliard and Ferriére 2008) , so we might expect this trait to be under strong selection and so to have low heritability. L. coggeri is, however, semi-fossorial in its habits, escaping predators by vanishing into the leaf litter on which it lives rather than fleeing, and foraging for small insect prey on and below the leaf litter. As a consequence, sprint speed over bare ground may be only weakly related to individual survival in L. coggeri. Substantial heritability of sprint speed has also been reported for several other squamates (Tsuju et al. 1989; Brodie 1989; Garland 1988) , indicating that this trait may generally have the potential to evolve in response to selection.
The one physiological trait not related to temperature, desiccation rate, displayed a substantial (and significant) estimate of heritability (h 2 = 0.42 ± 0.19SE). This result is interesting considering that the population studied here occupies a very small rainforest isolate at the very edge of the species' distribution; animals living in small rainforest fragments are expected to be subject to temperature extremes and high desiccation rates due to strong edge effects (Turton and Freiburger 1997; Didham and Lawton 1999; Huey et al. 2003) . Desiccation is also likely to be especially problematic for a very small animal like L. coggeri. Our observed high heritability in this case is opposite to the pattern observed in Drosophila from nearby rainforest, in which realized heritability for desiccation resistance was effectively zero , but similar to a recent study in two Drosophila species that used less stringent desiccation conditions (van Heerwaarden and Sgro 2014). In L. coggeri, substantial heritability for desiccation rate suggests that this population could respond to selection imposed, e.g., by increasing severity of dry seasons.
Our analysis also revealed various correlations between traits, at both phenotypic and genotypic levels. At the phenotypic level, there was a clear positive association between morphological traits, simply because the morphological measures are all measures of size. Interestingly, however, these correlations are almost perfectly accounted for at the genetic level (Table 4 ), suggesting that there is heritable variation for overall size at hatching. Whether such variation is driven by genetic differences in incubation time, embryonic growth rate or other factors is unknown. Whatever the mechanism, it is likely that hatchling size will have impacts on fitness because size will affect numerous aspects of individual performance, from running speed to desiccation rate and prey availability (e.g., Elphick and Shine 1998; Kingsolver and Huey 2008) .
There was also a clear positive phenotypic correlation between individual growth rate, and several elements of physiology. Animals that grew faster had higher critical thermal limits, broader thermal performance breadth, lower desiccation rates, and lower optimum performance temperatures. These relationships were less clear at the genetic level. Generally the genetic correlations were in the same direction as the phenotypic correlation, but the low precision of the estimates makes conclusions difficult. There remained, however, a clear positive genetic correlation between the upper critical thermal limit, CT max and growth rate. Interestingly, CT max in L. coggeri has been shown to respond plastically to the temperatures an animal experiences, and there is clear variation between individuals and across populations in the preferred body temperature (Llewelyn et al. 2016b ). Thus, the positive genetic correlation observed here between CT max and growth rate may reflect a positive correlation between preferred body temperature-a variable that we did not measure directly-and growth rate: individuals that prefer warmer body temperatures regularly achieve higher temperatures and, as a consequence, grow faster and have higher CT max .
Another interesting outcome of our analysis is a very clear positive genetic correlation between hatchling body size (SVL and tail length) and maximum performance of adults. This correlation is not apparent at the phenotypic level, but emerges as a genetic effect that is obscured in the phenotype, by a counteracting negative residual correlation. We might first think that the genetic correlation is driven by body size (larger hatchlings grow into larger adults, and larger adults run faster), but our analysis of maximum performance explicitly accounted for adult body size as a covariate, so we are left with the intriguing correlation in which larger hatchlings appear to grow into adults with a genetic tendency towards higher performance independent of body size.
With regard to evolutionary constraints on the evolution of climate-relevant traits, our data are intriguing though also limited by low precision of some estimates. There are three posited constraints on the evolution of thermal performance to which our data can speak: (1) the specialist-generalist trade-off (that maximum performance comes at a cost to breadth); (2) that higher optimal temperatures requires thermal specialization (Martin and Huey 2008) and (3) that hotter is better-with higher thermal optimum will tend also to have higher performance (Huey and Kingsolver 1989; Angilletta 2009) .
At the phenotypic level we see clear evidence of a specialist-generalist trade-off in the temperature performance curve: maximum performance is negatively correlated with thermal breadth. This relationship has been observed in other taxa (see Angilletta 2009 and references therein) and we would expect this specialist-generalist tradeoff to manifest within populations as well as across them (Phillips et al. 2014 ). In our case, the association does persist at the genetic level, although estimation uncertainty means we cannot conclude that it is a true genetic constraint.
With regard to high-optimum temperatures requiring thermal specialization, in our data we observe the opposite: individuals with higher optimum temperatures tended to have broader thermal performance curves. And this association appears to be driven, not through a genetic correlation but, rather, a residual correlation. Although we cannot make any real conclusion here as to the mechanism, it seems likely that, if the correlation is not genetic, there may be elements of thermoregulatory behavior underpinning this result instead.
We find no evidence for the idea that "hotter is better", in that there is no relationship between T opt and P max at either phenotypic or genetic levels. This hypothesis stems from the basic physical principle that chemical reactions tend to go faster as temperatures increase (Huey and Kingsolver 1989; Angilletta 2009 ), and there is evidence to support this idea at the macroevolutionary level. There are, however, clear design trade-offs at the enzymatic level such that for hotter to really be better requires a suite of coadapted enzymes to effectively utilize the additional heat energy (Hochachka and Somero 2002; Somero 2004) . Because of this, we might only expect the hotter is better pattern to play out at the macroevolutionary level (Phillips et al. 2014) .
Overall, our analysis, while constrained by low precision, suggests low to moderate heritability of thermal physiology traits. The only physiological trait with substantial heritability was desiccation resistance. Low-genetic variance aside, evidence for fundamental evolutionary constraints on climate-relevant traits in our species is weak, with the possible exception of a specialist-generalist tradeoff in thermal traits. While our results are restricted to just one population, they suggest that with the exception of desiccation resistance, climate-relevant traits in this species have low heritability and any in situ responses to rapid environmental change will need to come through behavioral plasticity rather than genetic adaptation. Should these observations hold for other populations, the limited capacity to evolve higher heat tolerance could pose a threat to persistence in isolated populations of this rainforest species. If this low within-population heritability is driven by local adaptation, however, genetic trait variation will be found across populations (rather than within them) such that targeted gene flow (Kelly and Phillips 2016) could be a powerful tool for mitigating impact. Clearly, however, estimates of genetic variances for key physiological traits across taxa and populations in peripheral and core areas will be required to assess the generality of the situation described here.
